ABSTRACT
Introduction
Concentrated manure odors within the swine industry can be partially attributed to the replacement of bedding with the slatted floor-pit system. Swine slurry collected by the slatted floor system is subject to anaerobic conditions producing anaerobic bacteria, a common source of odors [1] . Fermentation by anaerobic microbes leads to the production of volatile fatty acids, ammonia, amines, indoles, phenolics, and volatile sulfur compounds [2] . Out of the 168 compounds found in livestock waste, 30 compounds are most likely to cause odors [3] . Of those 30 compounds: volatile fatty acids, p-cresol, indole, skatole, diacetyl and ammonia are found in high concentrations and have low detection thresholds (> 0.001mg·m -³). Options for reducing swine slurry odor are limited. Chemical odor control can be expensive and most cost effectively used as an additive to other methods [1] . Ozone combined with ultra-violet (UV) light can form a powerful oxidant [4] that can be used to destroy the cell walls and cytoplasmic membranes of odor causing bacteria [5] . A 1 g/l dosage of ozone has been shown to reduce swine slurry odor and be more effective than stripping with nitrogen or oxidizing with O 2 [6] . Ozonation facilities in the United States have become more common and have been shown to provide a safe treatment option for municipal waste water [4] . However, most ozone treatment systems are too expensive for use in livestock operations.
Increased levels of odor can reduce growth and increase susceptibility to disease in swine housing units. Nuisance odors from agriculture such as swine slurry could have psychological affects [7] . Cognitive performance and physiological response can be affected by strong odors [8] .
The transformation within the swine industry from smaller producers to large concentrated animal feeding operations (CAFO) will continue to accumulate large quantities of swine slurry resulting in land-limitedconditions [9] . Integrated swine production and increased urbanization leads to an increase in complaints and concerns about air quality. Warranted regulation due to society concerns has been hindered by the lack of federal guidelines caused by difficulty in defining odor limits including measurement and evaluation. Odor is presently considered a nuisance that is handled by local and state agencies based on public complaints [2] . Advancement in technologies that utilize ozonation to reduce odor during storage and application of swine slurry could lead the livestock (swine) industry to prevent potential health problems and complaints, as well as meet future regulation.
Little research has been conducted on production scale ozone treatment systems that are capable of reducing swine slurry odor during storage and subsequent land application. Smart Earth Technologies ® Manure Odor Control Unit (MOC) may reduce the intensity and/or offensiveness of odor produced from swine slurry. The MOC system was originally designed and is currently used to treat bacteria and prevent odor of waste wash water so the water can be reclaimed for use in commercial car wash systems. The MOC system has been utilized within the steel industry to reclaim water used to wash oil film from steel in preparation for painting.
The objective of this study was to evaluate the ability of the MOC system to reduce both offensiveness and intensity of the smell of swine slurry under production scale conditions. An additional purpose of this study was to evaluate the MOC system's effect on slurry characteristics. The hypothesis was that the MOC system would improve odor offensiveness and reduce odor intensity without changing slurry characteristics.
Materials and Methods

Sample Collection
The MOC system was tested to reduce odor in a curtain sided finishing facility containing 500 grow-finish market hogs. This building spanned from east to west and utilized wet/dry feeders equipped with nipple waterers. The facility used slatted floors that allowed wastes to collect into a 12.2 m wide × 25.9 m long × 2.4 m deep concrete manure pit. The pit, capable of holding 770,142 l of slurry contained 577,607 l during the testing period. During the trial period the average percent humidity was recorded along with the high and low daily temperatures.
Slurry samples were collected at 4 time intervals (0 h, 24 h, 48 h, 96 h). Two, four-liter slurry samples were collected at each interval using a 3.05 m probe. The slurry samples were immediately transported to the Illinois State University Analytical Laboratory for analysis.
The 0 h collection was before any processing began and represented unaerated slurry. Samples collected at 24, 48 and 96 h were collected from aerated slurry.
During air sample collection all ventilation fans were turned off. An SKC ® Air Sample Pump (SKC Inc., Eighty Four, PA, USA) was used to collect six, 10-L samples at each collection time. Samples were collected by lowering an air tube approximately 12 inches above the slatted floor from three locations along the center isle of the building representing the east one third, center, and west one third of the building. Each mechanical locking airbag was prefilled with air for two minutes, emptied of air by manually pressing on the bag and then refilled with air for five minutes and sealed.
Ozonation Pump
The ozonation pump/reactor used for slurry treatment is patented by Smart Earth Technologies ® . It treats slurry with ozone (O 3 ) created by exposing air to ultraviolet light (UV light). Once O 3 is formed it is injected into a continuous flow slurry line at a rate of 0.08 cubic meters per minute. The pump consists of a 5 hp single phase motor with a power consumption of no more than 28 amps. It is capable of sustaining a flow rate of 851.6 l/m or 51,097 l/h. The entire slurry within the pit was potentially exchanged every 11.3 h.
The intake hose was placed approximately 0.8 m off the bottom of the pit and pumped slurry from the east end of the building. The discharge line traveled to the west end of the building returning slurry to the pit approximately 0.7 m below the slurry surface.
Odor Analysis
The odor analysis protocol was approved by the Purdue University Institutional Review Board. Following collection, air samples were sent (once daily) to the Purdue Agriculture Air Quality Laboratory where they were evaluated for intensity and hedonic tone at both recognition and full strength. Using the Triangular Force Choice test method, eight trained panelists evaluated each sample using an AC'SCENT International Olfactometer ® (St. Croix Sensory; Lake Elmo, MN, USA). Intensity was measured on a scale of 0 -5, with 0 equal to no detectable odor and 5 equal to extremely strong odor. Intensity levels were determined by comparison to a reference odor of n-butanol. Hedonic tone (offensiveness) scales ranged from -10 (extremely unpleasant) to 10 (pleasant). total P, total K, and ammonia (NH 3 
Results
Recorded temperatures and percent humidity for each day's samples are presented in Table 1 . Over the five days during which samples were collected the mean low temperature was 23 ± 1.82˚C (73℉) and the mean high temperature was 31 ± 0.55˚C (88℉). The mean percent humidity over the sampling period was 91% ± 5%.
Slurry characteristic mean ± SD and P values are shown in Table 2 . Ammonia was the only characteristic Table 2 . Slurry characteristics (mean ± SD). Table 3 . Panelists found IR was significantly reduced between 0 h to 24 h and 0 h to 48 h. Odor IR increased after 48 h and between 0 h and 96 h IR was not significant. Between 0 h and 48 h IR was reduced 18%. Odor OR and IFS were significantly reduced 20% and 6% respectively between 0 h and 96 h. Offensiveness at full strength was not significantly reduced between 0 h and 24 h. However, OFS was significantly reduced between 0 h to 48 h and 0 h to 96 h. Overall OFS was reduced 11% between pretreatment and 96 h. The greatest change for all four treatments occurred between 0 h and 48 h.
Odor panel members' subjective descriptive phrases characterizing the air samples at full strength evaluated at 0 h, 48 h and 96 h are shown in Table 4 . The descriptors may be considered less harsh with increased time of treatment with the MOC system. Panelists' subjective evaluations of the samples suggest an overall reduction in odor at full strength, but the descriptive phrases are subjective and no attempt was made to statistically evaluate these subjective descriptive phrases. 
Discussion
Evaluation of slurry characteristics found NH 3 as the only characteristic that significantly changed over the treatment period. Ammonia concentration decreased from 0 h to 48 h, then rose at 96 h. The cause of the initial NH 3 decrease in this experiment may be caused by the high volume of slurry turnover resulting in an increased amount of agitation and aeration of the swine slurry, followed by a steady-state of NH 3 production in equilibrium with NH 3 emission. This is opposed to the findings of Wu [6] . Wu found that NH 3 increased while being stored and treated with ozonation. Wu's study was conducted over a period of four weeks as opposed to four days (96 h). The pH of the swine slurry used in the Wu study was 8.93 which is above the pH (> 8.5) recognized to produce excess NH 3 from aqueous ammonia ions [12] . The neutral pH of this study (pH = 7.6) may have resulted in less NH 3 production compared to the increased slurry pH during Wu's slurry storage [6] . Within a controlled environment Li [13] showed that ozonation has no significant impact on NH 3 concentrations. Additional tests investigating different conditions (temperature, pH, moisture, and time period) are needed to 1) explain the inconsistency in results of the affect of ozone on NH 3 concentrations in swine slurry and 2) determine why or how the MOC system reduced NH₃ of the slurry. William's [14] evaluation of swine slurry odor suggests that NH 3 contributes little to the offensiveness of slurry odor. Reduced NH 3 emissions from animal feeding operations can be advantageous to the environment, however, as NH 3 can be a major source of nitrogen enrichment and pollution of air, water and soil [15] . No significant differences (changes) in other slurry characteristics were observed, though some characteristics decreased numerically. Settable solids, P and K decreased which could be accredited to settling. Total suspended solids should increase with agitation, however, it decreased. This decrease in TSS is additional evidence that increased surface layer agitation may have still allowed settling. Dissolved oxygen within the slurry was below detection limits and this agrees with the findings of Walker and Wade [16] and Walker [17] . Consistent slurry characteristics suggest that an increase in aerobic microorganisms may have caused odor reduction and aroma improvement. Odor was reduced in both offensiveness and intensity suggesting that anaerobic odor producing microorganisms were reduced. Ozone has shown to be a safe treatment of wastewaters [4] and capable of oxidizing bacteria [5] . Another explanation is that continuous turnover of the slurry (approximately two complete turnovers every 24 h) simply diluted odor contributing compounds (volatile organic compounds, NH 3 , etc.). Treatment of swine slurry by Wu [6] showed ozone to not only reduce odor, but ozone was more effective than oxygen, hydrogen peroxide, or stripping with nitrogen. Ozone use in this study, also, was shown as an effective odor treatment over the 96 hour treatment period. The treatment of slurry was most effective between pretreatment and 48 h suggesting an increase of odor between 48 h and 96 h. This may be caused by a regrowth of anaerobic bacteria after 48 h or the increase of odor may have been the result of steady-state conditions being reached. Further investigation into the relationship between the length of treatment time and odor reduction is needed in order to suggest the proper length of treatment in order to reduce treatment expense. No determination of microorganism species or populations was conducted in this study. Ozonation with the MOC system has practical application to minimize emissions leading to fewer complaints, and reduced adverse health effects to animals and humans, in addition to enhancing air quality. The assessment of odor by the human nose (panelists) introduces two kinds of subjectivity into evaluation. Subjectivity of the human nose itself and subjectivity of the human language used in the description of the odor [18] . Even so, this method of odor evaluation may be the most effective assessment as under production scale conditions individual human assessment is the evaluation in the court of public opinion.
The MOC system performed within a production scale environment. Pit turnover was theoretically sufficient to allow incorporation of ozone throughout the slurry. The MOC system reduced odor during storage. Additional tests are needed to investigate odor production after treatment during storage and after treatment during land application. Further investigation describing and characterizing bacteria populations should be conducted. In addition, an economic analysis of the MOC system is warranted to determine if the capital expenditure and cost of operation is justifiable.
Treatment of swine slurry with the MOC system decreased NH 3 concentrations. The MOC system significantly reduced odor intensity and offensiveness within 48 h and maintained reduced odor through 96 h of operation. Operation of the MOC system in this study suggests it can function successfully under production scale conditions to reduce swine slurry odor.
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